Measurements of the inelastic neutron scattering from liquid 4He at T = 1.2 K in the range of wavevector transfer 3 <-Q <-12 ft -1 have been performed to verify the oscillations in the peak
that the condensate fraction in superfluid helium might be observed directly by inelastic neutron scattering. At high Q, where the momentum transferred from the neutron to the struck atom is much greater than the momentum transferred between atoms via the interatomic potential, S(Q, to) may be approximated 13 by the impulse approximation (IA), (2) Here n(p) is the normalized momentum distribution of the atoms in the fluid. From Eq. (2) it is fairly straightforward to show that the impulse approximation S~A(Q, co) is peaked symmetrically about toR and has a width WiA(Q)oc Q such that WIA(Q)/Q is a constant. If n(p) has a macroscopic fraction n(0) in the zero-momentum state, this leads 13 via (2) to a deltafunction peak in S~A(Q, to) at co =c OR. This method has been used to determine n(0) and the specific values obtained are discussed in reviews 1°'11"14 and recent papers. 15-18 A problem is that the value of Q required for SIA to be accurate has not yet been clearly established.19-24 At Q---20/~-1 the interactions of the struck atom with its neighbors (final state interactions, FSI) clearly contribute 19-25 to S(Q, to), so that SIA is only approximate. These interactions broaden the small delta-function peak due to n(0) and this, coupled with a finite instrument resolution, means that it requires great care to identify the peak due to n(0) in the observed S(Q, to).
SIA(Q, to)= f dpn(p)~(to-ton -hQ'p)
In the present measurements, in the range 3-Q-< 12/k-l, we do not seek to identify n(0). Rather, our purpose is to determine the peak position
E(Q) and width W(Q) of S(Q, co) as a function of Q.
In the range 3-< Q-10/~-1, Cowley and Woods 4 and Martel et al. 25 observed that the peak position and width of S(Q, to) oscillated with Q.
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The period of the oscillation in both E(Q) and W(Q) was A Q~3 ]k -1 The amplitude was approximately 10 K in E(Q) (about 3% of ER at Q-~7A, -1) and approximately 6-7K-• in W(Q)/Q [about 25% of W(Q)/Q at Q~7 A -1 ] . The amplitude of the oscillations in E ( Q ) -E R and in W(Q)/Q decreased with increasing Q. In the limit Q -> 0% the impulse approximation W(Q)/Q is independent of Q and E(Q)~ ER. Martel et al. 25 attributed these oscillations to the interaction of the scattering atom with its neighbors after it was struck by the neutron (FSI) and to the interference terms in S(Q, to). They articulated the FSI in a model in which the width of S(Q, to) was related to the "lifetime" of the scattered atom The input is the pair interatomi'c potential 3° v(r). These are RPA calculations of S(Q, to) in which the interaction is the 4He-4He scattering amplitude calculated from v(r) in a T-matrix approximation. In the case of liquid 3He, the self-energy and "lifetime" of the scattering atom were also included.
In liquid 4He, the observed oscillations in E(Q) and W(Q) are quite well reproduced. As proposed by Martel et aL, 25 the oscillations originate from oscillations in the 4He-4He scattering amplitude. However, in the Tanatar et aL 29 model, this amplitude enters S( Q, to) as the interaction in the R P A rather than through the "lifetime" of the scattering atom.
In liquid 3He the RPA calculations 29 predict very small-amplitude oscillations in W ( Q ) , probably too small to be observed. In liquid 3He both the 3He-3He scattering amplitude in the RPA and the struck particle "lifetime" were included in S(Q, to) and both were found to oscillate with Q. However, the amplitude of the oscillations in the 3He-3He scattering amplitude is approximately one-half that of the 4He-4He amplitude and the constant Doppler width of S(Q, to) is greater in 3He. This has the net effect that the smaller oscillations are "buried" in a much larger total W(Q) in liquid 3He. This offers an explanation of why oscillations in W ( Q ) are observed in liquid 4He but not in liquid 3He. In the present paper, we also present calculations of S(Q, to) for liquid 4He based on the RPA model developed by Tanatar et al. 29 In Section 2 we present the observed results along with the calculations. The results and calculations are discussed and compared with the Martel et al. model in Section 3. We also briefly discuss the importance of the frequency dependence of the scattering amplitude to the profile of S(Q, to). The paper concludes with a brief summary.
EXPERIMENT AND RESULTS
The measurements of S(Q, to) described here were made using the IN1 triple-axis spectrometer at the high flux reactor of the Institut LaueLangevin. This instrument is on a "hot-source" and has an enhanced flux of short-wavelength neutrons. The monochromator was Cu(220) and the analyzer Cu(002); both were vertically curved. Horizontal collimation of 25'-40'-40'-40' was employed. Most measurements were made with a fixed final neutron energy of 12.5 THz (601 K), but a fixed incident energy of 27.6 THz (1324 K) and, at the largest wave vectors, a fixed final energy of 19.9 THz (954 K) were also used. The measured (vanadium incoherent scattering) energy resolutions (FWHM) for the three configurations were 31,103, and 63 K. For comparison, the measurements of Martel et aL 25 employed a typical instrumental resolution of 60 K. Energy spectra were measured for wave vectors from 3.0 to 12.0 A-1 in steps of 0.5 A-1.
The 4He sample (of 99.999% purity) wag contained in a 3-cm-diameter, cylindrical aluminum cell with cadmium disks spaced 1 cm apart vertically to minimize multiple scattering. The cell was placed in a helium gas-flow cryostat and the sample temperature (1.2 K) was monitored using a calibrated carbon resistor. At each wave vector, energy spectra were recorded with the cell both empty and filled with liquid 4He; the former was subtracted from the latter to give the 4He scattering function. Scattering from the Dynamic Form Factor of Liquid 4He at Intermediate Momentum Transfer 37 aluminum container as well as from the liquid 4He was clearly visible in the raw data. In Fig. 1 we present examples of the "4He + cell," "empty-cell," and net 4He scattering spectra. At Q = 3/~-1, the empty-cell scattering is predominantly elastic, while both longitudinal and transverse mode peaks from the A1 phonon density of states g(v) are visible at Q = 1 0 A -' . However, subtraction of the empty-cell spectra effectively removed the A1 contamination, as shown in the right frames of Fig. 1 .
The net scattering intensity observed at Q = 7, 10, and 12 A-1 is shown in Fig. 2 . This intensity has been converted to an absolute value of S(Q, to) by requiring that S dto S(Q, to) = S(Q) = 1. Here we see that S(Q, to) shows some asymmetry about the recoil frequency toR, as noted in previous work4; there is also evidence for tails reaching to high and low frequency. A Gaussian function can be fitted to S(Q, to) reasonably well, as seen in Fig.   1 , but, when all wave vectors are considered, it is seen that the peak of S(Q, to) at to ~'~toR is sharper than a Gaussian, the tails at large (to--toR)
are larger than a Gaussian, and, as stated, the peak is not symmetric. The The data were analyzed in two ways to extract the width and peak position of S(Q, to). First, a Gaussian was fitted to the scattered intensity distributions having peak height, peak position E(Q), and FWHM W(Q) as free parameters. This procedure is not totally valid since displacement of a symmetric Gaussian intensity below ER violates the f-sum rule. Since the data should preserve the f-sum rule (through an asymmetric peak shape), fitting a symmetric function could artificially bias the peak position to lie near ER. To check this, we also determined W(Q) and E(Q) by hand from plots of the net scattering intensity. In this case E(Q) was defined, as in Cowley and Woods, 4 as the midpoint between the two half-height positions. I n general, the Gaussian fitting procedure was judged satisfactory as far as the peak position E(Q) was concerned; however, due to the "sharper" nature of S(Q, to), the FWHM W(Q) was taken directly frorri the plotted energy distributions.
An important factor in the extraction of the physical widths from these experimental widths is the determination of the instrumental contribution to the width. Calculations were made of the expected line shape at each wave vector studied, by convoluting the instrumental resolution function with a series of simple free-atom recoil dispersion relations ER = h2Q2/2M around the true E(Q). The resolution function formalism of Cooper and Nathans 31 was employed; the experimental (vanadium) incoherent scattering widths at a series of incident neutron energies were used as a check on the calculation. These calculated resolution linewidths were then used to deconvolute the physical width from the measured widths. Since no simple analytical form is available to describe S(Q, to), a simple Gaussian form was assumed, to permit deconvolution of the physical width, i.e., The difference between the observed E(Q) and ER is shown in Fig. 5 .
Both the present data ( Fig. 5a ) and that of Cowley and Woods (Fig. 5b) show by Aziz et al. 3° We choose a temperature T = 3.2 K, above T~, where the condensate fraction is zero, to avoid complicaions due to the condensate. The measurements of Cowley and Woods 4 suggest that the scattering intensity for Q -3 •-1 does not differ greatly above and below Ta. Using the impulse approximation as a guide, we expect that, under the resolution conditions of this experiment, the main effect of the condensate will be to increase the height of the r e s o l u t i o n -b r o a d e n e d S(Q, to) at to'-ton by roughly the size of the condensate fraction, i.e., by roughly 10-15% at T = 1.2 K. As a consequence, the measured width W(Q) at T = 1.2 K is expected to be about 10-15% smaller t h a n that at T > TA. 
The S(Q, to) is related to the retarded d y n a m i c susceptibility x(Q, to)

xo( Q, to) x( Q, to)-(4) 1 -I(Q, to)xo(Q, to)
where (5) is the Lindhard function describing X for a gas of noninteracting atoms. In Xo, n(p) is the momentum distribution, e(p) is the single-particle energy, and ,/ is a small, positive constant. We choose e(p)= e°(p)=p2/2M as free-particle energies and n(p) as the free-atom Bose-Einstein momentum distribution n° (p) 
Xo(Q, to)=h~ n(p)-n(p+Q) V p hto-[e(p+Q)-e(p)]+i~7
={exp[[3(p2/2M-lz)]-l}-l.
In n(p) we have also assumed that the chemical potential/z is -0.0011 K. At T= 3.2 K, this very small/~ leads to the density 32 of liquid 4He. (6) where p = (p, Po) and Q = (Q, to) are four-momenta. The p and p' are typical momenta of particles in the fluid distributed according to n(p). When Q is large, ]Q] >> (p2)1/2, we may take p+ Q/2~-Q/2. In this case
An exact equation for x(Q, to) can be derived. 33'34 In this equation, the interaction I(Q, to) is
I(p + Q/2, p'-Q/2; p -Q/2, p' + Q/2)
I(p + Q/2, p'-Q/2; p -Q/2, p' + Q/2) -~ I(Q, to)
reduces to a function of Q and to only. The exact equation for x(Q, to) then reduces 29 to the RPA, Eq. (4). Thus, in the limit Q >> (p2)1/2 the RPA becomes valid in the same way as it does in the limit Q-~0. In liquid 4He a typical value of the kinetic energy per atom is 15 K, giving (p2)1/2 = 1.6 A-1.
In liquid 3He for Q-5 A-l, Tanatar et al. 29 found that I(Q, to), for two atoms scattering in the fluid, could be well approximated by Fo(Q, to), the T-matrix for two atoms scattering in free space. That is, the full interaction could be approximated by a T-matrix F(Q, to) and in F the e(p) could be well approximated by free-particle energies e°(p)=p2/2M and the effects of occupied momentum states given by n(p) were small. Here we also approximate F(Q, to) at all to by Fo(Q, toR), the usual "on-energyshell" free-atom T-matrix. Basically, since S(Q, to) peaks near toR, we approximate Fo(Q, to) at all to by its value near the center of S(Q, to). This is a better approximation at high Q and limits our calculations to Q ---4/~-1. Also, since we have ignored the energy dependence of e (p, to ), it is consistent to ignore the energy dependence of F(Q, to). The impact of the energy dependence of F(Q, to) on S(Q, to) is discussed in Section 3.2. The integral equation for Fo(Q, to) is
," e Ere1-h2p2/M + iv Fo(p, k'; to)
where [k[ = [k'[ = Q/2 is the relative momentum and Ere1= hto--EcM is the relative energy of the interacting pair of atoms. At high Q we approximate the center-of-mass momentum and energy as
respectively. In this approximation, Ere~=hto-ER/2. Equation (7) was solved by expanding F(Q, to) in its angular momentum components. The exchange-symmetrized 4He-4He interaction Fo(Q, to) is a sum of even components. 29 The S(Q, to) calculated from (3) and (4), and broadened with a Gaussian to simulate the finite instrument resolution, is compared with the observed S(Q, to) in Fig. 2 . Since the observed scattering intensity has been scaled to give S(Q, to) in absolute units by requiring that the integrated intensity give S(Q)= 1, there are no adjustable parameters in comparing theory and experiment.
From Fig. 2 , we see that the calculated S(Q, to) peaks at a somewhat lower frequency than the observed S(Q, to) at all Q. Also, the experimental peak is skewed toward the higher frequencies, while the calculated function is skewed toward the lower frequencies. This last defect in the calculated S(Q, to) is a product of approximating I(Q, to) by the frequency-independent, on-shell Fo(Q), which is only valid in the immediate vicinity of ER. This Fo(Q) has an imaginary part which, of course, persists to zero frequency, contrary to the symmetry requirement
I(Q, -to) = I*(Q, to)
In general, we should have Im I(Q, to) --) 0 as to -) 0. Our frequency-independent Fo(Q) causes our R P A x to violate the Kramers-Kronig relations at low frequencies. This gets more serious at the lower Q values, where the peak position itself occurs at lower frequencies, i.e., Ea << nlIm Fo(Q)]. Our calculation of FWHM breaks down for Q < 4.4 2~x -~1 because the artificial low-frequency shoulder prevents S(Q, to) from going down to half-height on the low-frequency side of the peak. At the higher Q values, the violation of the Kramers-Kronig relations is much less serious, but the lack of frequency dependence in Fo(Q) still gives S(Q, to) the wrong profile.
The solid lines in Fig. 4 depict the present calculation of the FWHM of the bare S(Q, to), i.e., the width before resolution broadening. We note (4), with free-particle energies co(p) and the frequency-dependent Fo(Q, to).
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W.G. Stifling, E. F. Talbot, B. Tanatar, and H. R. Glyde that our simple model correctly predicts the period and phase of the oscillations in W/Q. However, our model cannot reproduce the peak in W/Q at Q ---4/~-1, as it breaks down for Q -< 4.4/~-i. Our calculated width at Q = 12 A-~ appears to be about 20% too low, but in Fig. 2 our resolutionbroadened S(Q, to) has almost exactly the same width as the experimental peak; the resolution broadening changes the FWHM significantly. In the immediate neighborhood of ER, the bare S(Q, to) is quite sharp and the main effect of the resolution broadening is to "clip" the sharp peak, thereby significantly reducing the peak height and increasing the FWHM. That is, the resolution-broadened calculated S(Q, to) does not have a width that follows the relation As noted in Fig. 2 , the calculation consistently places E(Q) at too low a frequency. Again this is due to the frequency-independent interaction, which skews the peaks toward the lower frequencies. The only oscillations in E(Q)-ER that are well determined experimentally fall in the range 2.5 <-Q-6 A -~, and unfortunately our calculation only overlaps this range for Q >-4.4 A -1. Hence, no positive conclusions can be made about the oscillations in E(Q)-ER predicted by our calculations. The predicted peak-topeak amplitude of these oscillations is of the order of 10 K. By contrast, ER grows as Q2 and is roughly 605 K at Q = 10 ~-1. Hence, to observe experimentally the oscillations in E(Q)-ER up to Q = 10 A-~, one would need to be able to determined E(Q) to considerably better than 1 part in 60. We plan improved measurements of E(Q) in the future.
Comparison with Martel et al.
To obtain the Martel et al. 25 result for S(Q, to), we return to the impulse approximation (IA) in (2) . At finite Q, S(Q, to) deviates from SIA(Q, to) due to final-state interactions (FSI) and interference effects. Gersch and A very narrow n(p) was required since (8) with a Lorentzian function (9) does not represent S(Q, to) well in the "wings" at large (to-ton). The Lorentzian is too "broad," requiring a narrow n(p) to reproduce the observed total width W(Q). Alternatively, since the interaction is very important in the region 3-<Q-<12/~ -1, (8) may not be a good starting approximation. In a more fundamental theory the input n(p) would not be the observed n(p), but rather a noninteracting n°(p), which is narrow. The present model of Eq. (4), (5) , and (7), which uses n°(p), also does not represent S(Q, to) well in the wings at large (to--toR). Both models aim at describing S(Q, to) in the peak region.
The Martel et al. and the present models may be related through xo(Q, to) in (5). If we have Q >> (p2>1/2, we may take n(p + Q)= 0 in (5) so that, for to > 0, )to is well approximated by n xo( Q, to)=-~ n(p) ( 
11) to -[e(p + Q)-e(p)]/ h + irl
Including interactions between atoms, the single-particle energies are e (p) = h2p2/2M+E(p). If SM (Q, to) = dp n(p) (to_toR_Q.p/M)2+3~2 (Q+p) as in (8) 
I dap'
= --~ ~-~7 r"(p + Q -p')n(p') (
Again, if n(p) is a localized function of p, e.g., n(p)~ n(2"n')3t~(p), and F"(p) is a reasonably slowly varying function of p over the range of n(p), we have
Using the optical theorem, we can relate the imaginary part of the scattering amplitude F" to the scattering cross section by F"(Q) = -(h2Q/2M)o'(Q), so that (14) is
Thus, we reproduce the Martel et al. model SM(Q, to) in (8) from (5) with y(p+Q) given by (10) . From (13), we see that if n(p) is a broad function of p, any oscillations in F"(Q) will be averaged over p + Q and will not appear in y(Q). For the oscillations in F"(p+ Q) to appear in y(p+Q) the period of oscillations must be long compared to (p2)1/2 In 4He, the period of oscillations is -3/~,, while, as noted, (p2)1/2 1.6 A -1. Thus, we expect some averaging out of Dynamic Form Factor of Liquid 4He at Intermediate Momentum Transfer 49 the oscillations in (13) . Equation (10) represents an upper limit to the manner in which the oscillations in the scattering amplitude are translated into oscillations of the particle inverse lifetime.
The Martel et al. model uses only xo(Q, to) with the interaction in the RPA neglected. However, the lifetime of the quasiparticle in Xo is retained and approximated by (10) . Thus, the oscillations in W(Q) arise from oscillations in the quasiparticle lifetime. This is quite different from Eqs. (4) and (7), in which the interaction in the RPA is retained and the lifetime of the quasiparticle is assumed to be infinite (y = 0). The oscillation in W(Q) then arises directly from the oscillation in F(Q, to) with Q as it enters the RPA. Clearly, both models lead to oscillations in W(Q). Ultimately, the oscillations arise from oscillations in the scattering amplitude (F' and F") in each case.
The present RPA model (denoted model 1 by Tanatar et al.) could be improved by retaining the self-energy X(p, to) in e(p) of (5) for Q = 7 A-1 in Fig. 6 , calculated using the energy-dependent Fo(Q, to) in (4), is clearly narrower than the S(Q, to) at Q = 7/~-1 in Fig. 2 , calculated using Fo(Q, ER ). The narrower W(Q)/Q obtained using Fo(Q, to) is shown at the bottom of Fig. 6 . The shape of S(Q, to), particularly at large (to -toR ), is improved by using Fo(Q, to). These improvements would allow us to extend the calculations down to Q ~-3 A -1 and to complete the first oscillation in W(Q) / Q. A refined calculation including a consistent X ( p, to ), n (p), and F(Q, to) would be most interesting.
SUMMARY
The present measurements confirm the oscillations in the peak position and the width of S(Q, to) with Q observed by Cowley and Woods and by 
